Supplemental Text

Contact Analyses
Definition of a contact
A bead contact is defined when the center-to-center distance between the two beads is not larger than 1.5 times the sum of both bead radii (i.e. 45 nm).
Contact frequency matrices
The contact frequency matrix was defined as a K x K matrix, ( )
, where K is the number of chromosomal regions and the entry c ij is equal to the total number of contacts between regions i and j in the structure population. Several different contact frequency matrices were generated at variable resolution with different number of K.
Normalization of contact frequency maps
For comparison between experiment and structure population, contact frequency maps from the structure populations and experiment were normalized in a manner previously described in other articles (Duan et al. 2010; Lieberman-Aiden et al. 2009 ). The normalization is performed as: where ij c is the normalized contact frequency between segments i and j. The terms in the denominator are the total sums of all contacts in the corresponding rows and columns of the contact matrix. The term in the numerator is the total sum of all contacts in the matrix. For the experimental maps, c ij is equal to the total number of reads observed in sequencing that were mapped to the two corresponding regions i and j in the genome.
Normalized contact frequency maps were generated at different levels of resolution (K) from both the experiment and the structure population. c ij is equal to the total sum of observed contacts between any one of the beads in one region (i) to any one of the beads of the second region (j).
Genome-wide contact frequency map at 32 kb resolution
In the conformation capture experiment contacts between chromatin regions separated by less than 20 kb are not considered (Duan et al. 2010 ). For comparison, contacts in the structure population were also not considered if the corresponding beads are separated by less than 6 beads in the chain sequence.
These contacts were excluded in the following analysis, if not stated otherwise.
The contact frequency heat map for the structure population is shown in Figure   3E and the heat map from experiment is shown in Figure 3F ; both heat maps have been normalized using the method described above.
To assess the reproducibility of our structure population, we divided the population into two groups each with 100,000 structures. For each group contact frequency matrices are constructed and the Pearson's correlation between the two matrices calculated. The Pearson's r = 0.999 (two tailed t-test H 0 =the two matrices are uncorrelated, p-value < 10 -15 ) indicating that the contact frequency maps are highly reproducible. Experimental data on contacts of regions located within 10 kb from centromere are not available. Correspondingly, for consistency all contacts between beads located within 3 beads from the centromere were excluded. Finally, the chromosome arm contact frequency map is normalized following the approach described above (Duan et al. 2010) . The heat map of the structure population is shown in Figure 3C and the heat map from experiment is shown in Figure 3D . matrix, where c ij is equal to the total sum of all observed bead contacts between chromosomes i and j. In order to compare chromosome contact frequencies between the structure population, the experiment, and the random control population, the chromosome contact frequency map is normalized by following procedure: first, each element c ij is normalized with respect to the chromosome lengths of the two corresponding chromosomes i and j leading to the length normalized element w ij defined as
Chromosome arm contact frequency map
where L i is the sequence length of chromosome i. Then w ij is further normalized with respect to the total sum of all normalized contact frequencies, 
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where the summation j runs either over all indices, or only the indices for intra-or inter-chromosomal contacts, depending the type of comparison. Then the average of the correlation coefficients across all regions can indicate how similar the two matrices are.
Maximal correlation
Several factors may affect the strength of the correlation between experiment and simulation. First of all, the sampling of inter-chromosomal contacts is not complete, both in simulation and experiment.
In the following section we analyze what effect a limited fragment sampling would have on the expected maximal possible accuracy for contact detection.
In genome-wide conformation capture experiments a contact is determined by the sequencing of ligated DNA fragments comprised from two different regions in the genome. However, only a relatively small sample of all ligated DNA fragments is used, which is then amplified through PCR and sequenced. Here, we estimate the effect of limited fragment sampling on the expected accuracy for contact detection. The accuracy of a prediction is calculated as the cross-correlation between two contact frequency heat maps: first, the ground truth, which is defined as the contact frequency map at 3.2 kb resolution determined from the complete structure population; and second, maps that are generated from randomly sampling only a fraction of all contacts in the structure population. The exact number of ligated DNA fragments sampled in experiment is unknown. Instead, we approximate the number and types of DNA fragments with the contacts observed in the structure population. The structure population contains a total 826 million contacts in the 200,000 structures. We then randomly pick a certain fraction (i.e. 0.0001, 0.001, 0.01, or 0.1) of contacts from the pool of all contacts in the structure population (i.e. as the hypothetical "reads" in a 3C-based experiment) and build the corresponding 'sampled' contact frequency matrices at 32-kb resolution. The Pearson correlations between the "sampled matrices" and the "true matrix" provide a first estimate of the expected error due to limited sampling (Supplemental Fig. 3 ). This estimate is only a lower bound of the error and the generated cross-correlation value is therefore referred to as the "maximal" expected cross-correlation, because in this ideal simulated case effects due to experimental errors and limitations, such as those sequenced regions that cannot be mapped unambiguously to the genome, false positive reads and also the bias due to PCR amplifications are not taken into account.
Contact similarity between structures in the population
To assess the contact similarities between individual structures in the population we measure the overlap of the contacts between all structures. A binary vector v i is defined for structure i containing the list of all contacts (except direct neighbors in the chain). If a contact is present in a structure the corresponding vector element is set to 1, and 0 otherwise. An overlap index O ij between a structures i and j is then calculated as
where v i k is the contact vector for structure i for the k-th bead pair; and the total number of inter-and intra-chromosomal bead pair is N=7,134,769. O ij is the fraction of the total number of vector elements where both structures carry 1, divided by the total number of vector positions that at least one structure carries 1.
We calculated the contact overlaps for a sample of 5,000 structures from the population yielding 12.497 million pairs of structures. As expected from a highly heterogeneous population we found that, on average, structures in our population had 0.22% and 0.01% intra-and inter-chromosomal contact overlaps, respectively.
To generate the gene 2D localization probability density (LPD) map from the structure population, we collected all the 3D coordinates, (x',y',z') for the beads of interest (e.g. a 2. Localization Probability Density (LPD) of Gene and Chromosome particular gene or a group of beads representing a chromosome) and then projected them into a 2D coordinate reference frame (Berger et al. 2008) ,
Density grid projection: The grid size was chosen as Δ = 10 nm resulting in a 2D grid of 200×200 pixels representing a 2×2 µm map. Once a point (z c ,ρ c ) is mapped onto the grid, a Gaussian blur is applied centered at the pixel following the expression
where z c and ρ c denote the center pixel in z-and ρ-axis, respectively, (i,j) denote the neighboring pixels and σ = 30nm.
Normalization:
The density is normalized with respect to the radial volume around the zaxis. The normalized density value G ij of voxel ij is defined as
where Δ is the grid size. Finally, all ij G are divided by a constant so that the maximum value is 1.
In the contour plots shown in Figures 2, 5 , and Supplemental Fig. 1 the bottom half of the 2D density plot is mirrored from the top half for visual convenience.
Besides the random control population, we have generated the following populations.
Structure populations of single chromosomes
In order to estimate the influence of excluded volume effects on chromosome location and chromosome contacts, we have performed a simulation of a nucleus that contains only a single chromosome (i.e., the target chromosome) ( Figure 2C and Supplemental Fig. 1 ). Simulations of a single chromosome were performed
Additional Structure Populations
with identical setup to the complete landmark model except without the presence of all other chromosomes.
Structure population with modified chromosome 12 nucleolus constraints
We have also generated a structure population with a modified rDNA position constraint for chromosome 12. In this constraint the first 3 rDNA beads are allowed as far away as 850 nm from the surface of nucleolus instead of being constraint to the surface of the nucleolus. A structure population is calculated with 100,000
structures. The inter-chromosomal contact frequency correlation is improved from 0.54 to 0.58 in comparison to the initial structure population (see Supplemental Fig. 
4)
Change Point Analysis
To detect the change of slope in the linear regression analyses on the telomeretelomere distances, we employ a change point analysis (Zeileis et al. 2003) following the approach previously reported (Therizols et al. 2010 ). The optimal number of change points is determined according to the derivatives of the Bayesian information criterion (Zeileis et al. 2003) , then a linear regression is performed to fit each segment raised by the change points. We set the minimal length of a segment as 30% of the total data points and only 1 change point is detected for every reference telomere (Figure 6 
Spatial Clustering of Functionally Related Genes or Loci
We analyzed the spatial distributions of three groups of functional related loci, namely all early replication sites, all late replication sites, and all tRNA gene loci in the genome (Figure 7) . We asked whether the pair distances between the sites in each group are significantly different to the distances between randomly chosen sites in the genome.
More specifically, for each structure in the population we calculated the mean of the pair distances between all sites in a group. This mean pair distance is normalized by the mean pair distance of all beads in each structure. We then determined the distribution of all mean values from the 100,000 structures sampled in the population (shown with each histogram in Figure 7 ).
Statistical assessment
We also generated a mean pair distance distribution using the same number of randomly selected sites from the same structure.
For testing if the shift in the mean values between both distributions is statistically significant we used the paired t-test (e.g. H 0 : the means are the same; H 1 : mean of early/late replication sites is less/greater than that of random background) and the pvalue is collected. The randomization is repeated k = 1000 times and the corresponding 1000 p-values are combined using Stouffer's Z-transform test (Stouffer et al. 1949; Whitlock 2005) . Each p-value (p i ) is transformed to a standard normal z-score (z i ) and the cumulative evidence of the common null hypothesis can be inferred from Z S which is determined using the following formula, 
Centromere bias test
The analysis was repeated by excluding early replication origins that are located within 100 kb distance from the centromeres. The results and conclusion did not change, i.e. the early replication origins have a statistically significant lower mean pair distance. This analysis is also applied to the late replication origins where only sites located within 300 kb from centromere are included and the same conclusion still holds, i.e. late replication origins have a statistically significant larger mean pair distance than randomly selected loci.
Early versus late replication origins
We compared the sequence distance to the centromere between early and late replication origins. Each start site is measured by the sequence distance to centromere normalized by the length of the chromosome arm it is located; 0 and 1 mark the locus at centromere and telomere, respectively. The distributions of early and late replication origins were collected for all 3 data source aforementioned, and
Wilcoxon signed-rank test was performed for each data set. The null hypothesis, namely that the sets of early and late replication sites are equally distributed with respect to the centromere, was rejected with all p-values < 10 -5 for the 3 data set, and the alternative hypothesis that early replication origins on average are closer to centromere than the late origins was accepted.
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Supplemental Figure 3
Supplemental Fig. 3 Expected maximal Pearson's correlation between a contact frequency heat map (generated from the structure population) and heat maps that are generated from randomly sampling different portions of contacts from the structure population (see text and Supplemental material). The resulting average correlations for only intra-chromosomal contacts are shown in red, and correlation values for only inter-chromosomal contacts are shown in blue. The correlations between intrachromosomal contact patterns are strong (above 0.95), even at the relatively small sampling rate of 0.1% (Supplemental Fig. 2d ). In contrast, the correlations between inter-chromosomal contact patterns are greatly affected by sampling error. This is to be expected as there are many more potential inter-chromosomal contacts and each one of them occurs more rarely in the sampling than intra-chromosomal contacts. At a sampling rate of 0.1%, we find that Pearson's correlation between the two interchromosomal contact maps (even when assuming an ideal physical model) cannot exceed 0.5. This value is in a similar range as the correlation observed between our structure population and experiment. In our analysis the observed correlation value of 0.54 corresponds to a sampling rate of ~0.2% (green dashed line), which is also the order or magnitude that is expected for the experiment. For example, an experimental sample contains typically tens of millions of cells, which each can be expected to contain hundreds to thousands of chromatin contacts, however, the sequenced nonambiguous reads, which are typically also enriched by PCR are roughly in the ~5 million range (Duan et al. 2010) . Thus, the observed correlation coefficient of 0.54 represents a remarkably good agreement between the inter-chromosomal contact patterns, given that the experimental and computational samplings are finite and cannot be exhaustive.
Page 20 Influence of the excluded volume effect on the telomere co-localization probability. For each chromosome the fraction of models in the population is measured, which have the telomeres on the same chromosome being co-located (telomere co-location defined as in (a)). For each chromosome this fraction is calculated from the structure population containing all chromosomes and the "single chromosome population", without the presence of all other chromosomes. The spatial competition of all other chromosomes (i.e., the excluded volume effect) dramatically alters the probability of observing co-location of the two telomeres. The histogram shows the relative changes in the fraction of structures with co-located telomeres. Interestingly, the volume exclusion effect causes opposing effects depending on the chromosome length. For the small chromosomes (1, 3, 6) and also the large chromosomes (4, 7, 13, 15, and 16) the volume exclusion effect increases significantly the co-location frequency, while for medium sized chromosomes (5, 8, 9, 10, and 11) the opposite is observed: the volume exclusion effect leads to a dramatic decrease in the telomere co-location probability. For instance, the fraction of co-located telomeres increases by almost 20% for chromosome 6 upon the presence of all other chromosomes in the nucleus, while the co-location probability decreases by 60% for chromosome 8. This result emphasizes the important role of the volume exclusion effect and demonstrates how the total number of chromosomes and relative chromosome lengths of all chromosomes influences interactions and locations of individual gene loci.
Supplemental Figure 7
Supplemental Fig. 7 Mean of squared distance as a function of genomic separation, s. The worm-like chain fit is shown as the green line with fitted persistence length indicated as Lp. The Kradky-Porod equation (Krakty and Porod 1949) , <r 2 > = 2Lp(Lc/Lp-1+e -Lc/Lp ), is used to fit the points where Lc =s/c is the contour length of the chain using chromosome density c = 3.2 kb/30 nm, and r is the distance between two segments of the chain in the structure population.
